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ABSTRACT

As part of a program to model the behavior of ceramic bodies suitable for
high-strength, low-density applications, the pressure-density characteristics
are determined for AIN, A1203, 5102, TiBz, and TiC powders at 20%
and a strain rate of 2 X 10'4/sec. The pressure range is 0.11 MPa to 3.5
GPa. Both the loading and un]oading'cycles are examined. The
pressure~-density behavior can be represented by an empirical equation of state
similar in functional form to the Birch-Murnaghan equation. The logarithm of
the net compaction decreaseé 1inearly with the initial density ratio for AIN
powder, and may do so for the others. The results constitute a database for

testing models of powder behavior such as the P-a model.
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INTRODUCTION

The compaction of powders at high pressures to form parts for processing
is a well-known technique in the fields of powder metallurgy and ceramic
fabrication. Dynamic compaction with high strain rates and high maximum
pressures has been used by Gourdin on powders of low-carbon-alloy steel
(1983a) and A1-6% Si alloy and copper (1983b). Quasi-static compaction at low
temperatures and low strain rates has been investigated by Gutmanas et al.
(1979) for both brittle and ductile materials. This report presents a study
of pressure-volume behavior of AIN, Al1,05, Ti8B,, TiC, and 5102
powders at ambient temperature and low strain-rate. This is part of an
investigation into the compaction of refractory powders at both high and low
strain-rates with the long-term goal of producing ceramic bodies suitable for
high-strength, low-density applications. The strain-rate is 2 X 10'4lsec,
the temperature 20°C, and the pressure range 0.11 MPa - 3.5 GPa. Results
are presented for the behavior on loading-unloading paths, and for permanent

compaction as a function of initial powder density.

EXPERIMENTAL PROCEDURE

Starting materials are (-325 mesh) powders with the characteristics shown
in Table 1. They are stored in glass bottles sealed with screw caps but are
given no special treatment before use. The AIN, TiB,, and TiC powders have
been characterized in considerable detail with respect to surface composition,
size distribution, and shape (Meisenheimer, 1984). Particles of these powders

all have thin surface oxide films, and are all irregular in shape. AIN is the

most heterogeneous of the three; AIN composition depends on particle size but

the other compositions do not.



The experimental apparatus consists of a double-acting Kennedy press
controlled by an LSI-11 computer and TEK-4051 terminal. Stephens et al (1970)
and Stephens and Lilley (1970) described the basic.experimental arrangement.
Grens (1970) described the servomechanisms and digita]-to;analog converters
which control the press. Figure 1 shows a view of the steel die (A) with
thngsten carbide insert (B), upper anvil (D), and lower piston (C), wﬁich
compresses the sample. The powder sample and reference sample assemblies are
in front of the die. The reference assembly consists of a high purity solid
nickel cylinder (G) contained in a tin jacket and 1id (E) (Fig. 1, lower
right). The ends are sealed by ring-and-wafer units (F) to prevent extrusion
of tin past the piston (C) and anvil (D) during a run. The powder sample
assembly is idenfical to the reference sample assembly except that it contains

powder (H) loaded to the appropriate initial density.

As the first step in the experimental procedure, the powder sample is
prepared in the die in which it will be run. The tin jacket is loaded into
the die on top of a ring-and-wafer assembly and the tungsten carbide anvil
(D). Three equal amounts of powder (with weight determined by the desired
initial density) are pressed into the tin jacket using an auxiliary press and
a series of spacers between the die and the face of the press ram to control
the volume occupied by the powder at each stage of pressing. When the powder
has been compressed to the requisite initial density, the tin 1id is
inserted. The ring-and-wafer seal is added next, and finally the tungsten
carbide piston (C). The loaded die assembly is then placed in the Kennedy
press with the anvil at the top, since the piston is driven into the die by
the lower ram of the Kennedy press. End loading is applied to the die
assembly by the upper ram in order to avoid fracture of the carbide die at

high pressures.
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The sample is cycled in pressure; the initial conditioning cycle is from
0.11 - 50 MPa, and subsequent data collection cycles are from 0.11 MPa to 3.5
GPa. Load and piston displacement are recorded at intervals preset by the
LSI-11 computer which drives the press. In order to standardize the
performance of the die and press, a solid nickel reference sample is processed
after each powder sample in the same way using the same die. A new nickel

sample is used for each new powder sample.
RESULTS AND DISCUSSION

At the end of each complete experiment there are two sets of load vs
piston displacement data, one set for the powder sample and the other for the
Ni reference sample. The load values are corrected for frictional effects and
converted to pressures, which are stored in pressure vs. displacement arrays.
The pressure values in these arrays are the same because the powder and Ni
runs were conducted over the same range 6f pressures and sampled at the same
pressure intervals. Therefore, corresponding to each pressure value there are
displacement values for powder and for Ni. From these the differential
displacement and differentié] sample volume can be calculated as a functon of
pressure. Finally, the powder volume is calculated from the differential

volume and the volume of Ni given by the Ni equation of state.

The pressure-volume data were analyzed by the method of least-squares
using the following equations:
2
u=Ly+ Ly + Ly . (1)
where u is calculated from
u=P/((y+ 1)%2) | (2)

and
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y = (bhg)?3 - 1) = ((wypy¥3-1). (3)
V, p are the specific volume and density of the powder sample at pressure P,
and Vo, 0 the specific volume and density at P = 0.11 MPa « O before
the start of the run. "0' L],' L2 are empirically determined constants
from the least-squares analysis. Equations (1) - (3) are similar in
functional form to the Birch-Murnaghan equation for elastic solids (Weaver et
al., 1971), but cannot be interpreted in detail in terms of elastic solid
theory when used for the powders. This functional form has been shown to be
suitable for data with a Targe maximum strain (about 25%) and non-1inear
variation. The loading curve and unloading curve are analyzed separately.-

After analysis, values of the pressure (P) are calculated as a function of

(o/o so) from

Pe = ((y+ l)slgy)uc (4)
and .
(elogy) = (p/og)/ o gpleg) - (5)
where u_ is the calculated value of u from the least squares analysis and

c .
pgp 1S the density of the solid at 100% theoretical density and 0.11 MPa

pressure. Standard deviations in the pressures are estimated from::

ol & (P, - P..) 2 / (k) (6)
1

Here, ¢ is the standard deviation, Pi is the i-th measured pressure, Pci

is the ith calculated pressure from (4) and (5) above, i is the index from 1
ton, nis 'the number of data, and k is the number of parameters whose values
are determined during least-squares analysis. For the present case, k=3.
Values of the standard deviation are shown in Table 2. All are less than 0.1

GPa except for A1203 sample No. 2, for which o = 0.12 GPa. A reference
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curve was calculated for each powder from the Birch-Murnaghan equation of
state of the corresponding solid. It is assumed that the solid is at 100%
theoretical density and that K the bulk modulﬁs is either constant, or shows a

linear dependence on the pressure. The equation is
us= Ao + A]y (7)

where u is calculated from (2) and (3) above for the least-squares analysis,

and P, vs (p/pso) is calculated from (4) and (5) after Ay and A]

have been determined. Input values of P and V/V0 for the least squares
analysis were obtained from the data of Bridgman (1949) on single crystal

sapphire, and Bridgman (1948) on «=-quartz.

For AIN and for TiC, input values of P and V/Vy were calculated from the

Mie-Gruneisen equations of Horie et al. (1983). No least squares analysis was

done in the case of TiBZ. Instead, Ao and A] were calculated from

expressions in (Weaver et al., 1971):

>
=)
I

Ay = Ag (374 K - 3). (9)
K'O is assumed to be zero; Ko is taken as the average of the Voigt and

Reuss acoustic values for K from Simmons and Wang (1971). The results are
shown in Figs. 2-6 as plots of P vs (p/pso) and in Table 2 as values of

Lgs Lys Lp. Values of P calculated from (4) and (5) above are shown by

solid lines. Arrows show increasing time.
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In Fig. 3, results on the hydrostatic compaction of TiC by Bumm and
Liepelt (1972) are shown by X's. These authors do not give complete P vs.
(p/pso) curves, but show the maximum compacting pressure vs. the final
(p/pso) for each compacted sample. The results in Fig. 3 are maximum
pressure and maximum (p/pso); since all samples are assumed to have the
same initial density, the results are interpreted as loading curves. Values
of maximum (p/pso) are calculated from Bumm and Liepelt's data on the
assumption that their unloading curves have the same slope in P - (p/pso)
space as those of the preseﬁt investigation. The initial density of thejr
samples is similar to that of Sample 2; their samples are more compressible
below 1 GPa, but about equally compressible above 1 GPa. The results of Horie
et al for AIN are shéwn as X's in Fig. 4. They were calculated from the Horie
gg;gl_isostatic compaction data in the same way as shown above for TiC. They
are to be compared with the results for Sample 5 (+). The agreement between

the two data sets for AIN is close.

The unloading curves have fewer data than the loading curves because
frictional corrections on unloading are large and uncertain at the highest
pressures; therefore, the highest-pressure unloading data are omitted. The
number of omitted data is 12 to 15. As shown in the graph for each
composition, the unloading curves are steeper than the loading curves. The
powders, which have already beén compacted at 3.5 GPa,. behave more like
completely dense solids than they did at the start of the runs. One unloading
curve for 5102 appears anomalous in that it crosses the loading curve
(Sample No. 2, Fig. 9). This was caused by breakage of the piston during the
latter part of the loading cycle.
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AIN sample No. 9 is interesting since it was prepared by machining a
sintered bar which had about 30% porosity. It behaves similarly to powder
samples of AIN having the same initial density, which suggests that powders

and porous solids might be modeled in the same way.

Agreement between observed and calculated values of P is usually better
above 0.2 GPa for the unloading cycles than the loading cycles, for the
following reasons: (1) The function u is very sensitive to fluctuations in

(V/Vg) or (p/pg) when (p/py) is close to 1, which occurs for the
powders from about 0.2 GPa to 0.01 GPa. (2) Inspection of the least-squares

analysis plots of u vs. y shows that the low-pressure behavior is more erratic
for the 1oad1ng cycles than the unloading cycles. A possible explanation is
that the particles in the uncompacted powders can translate, rotate, or form
temporary bridges more easily than in the compacted ones. (3) The results are
heavily weighted toward low-pressure behavior since there are 20 data from .01
to .19 GPa, out of a total of 56 to 60 for a loading run, and 32 to 36 for an

unloading run.

In order to correlate the behavior of the powders with that of the solids
the change in density ratio with pressure is separated into the increase for
the loading cycle and the decrease for the unloading cycle. Table 3 gives
results taken from the P vs. (p/pso) curves of Figs. 2-6, together with
literature values of the shear modulus (G) and the modulus of elasticity (E)
for the solids. Figure 7 shows 4, the increase during the loading cycle
as a function of the initial density ratio. 4y is defined as:

By = (0/0go)max, = (P/Pso) initial (10)
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The results appear to lie on 5 family of straight lines, of approximately
equal slope. SiO2 is separate from the other four compositions, which lie
in a group nearer to the origin of coordinate;. The positions of the Tines
are correlated with the values of G and E: Si0, has low values of G and E,
whereas the other compositions have high values of G and E. The decrease for
the unloading cycle is shown as - A, vs, the initial density ratio (Fig.

8) whre 8, is defined as

8y = (0/pgo)¢ina1 = (07050 pax. (1

The results again fall into two groups: 510, with A, between -.14 and
-.17, and the rest of the compositions with 4, between -.02 and -.08.

510, has a much lower G and E than the other compositions (Table 3) and
a much larger increase in density ratio during loading (Fig. 7). Sioz may
have welded to some extent during loading, which accounts for the permanent
increase in density ratio, but most of its response was probably elastic.
A1203 remains hard and brittie uhder triaxial loading up to a confining
pressure of 1.25 GPa (Heard and Cline, 1980); on the basis of the work of
Bridgman (1952), Heard and Cline also surmise that elastic behavior continues

up to 3.5 GPa. During the loading cycle, A1,0;3 grains were not weided,

but broken up and rearranged, with the amount of breakage increasing with the
initial density ratio. AIN shows ductile behavior above 0.55 GPa confining
pressure under triaxial loading (Heard and Cline, 1980). Also, the small
particle size (50umn diameter) may have contributed to welding during the

loading cycle, producing permanent compaction. TiB, and TiC have such high
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shear and elastic moduli that they probably deformed by particle rearrangement

during loading, and were qble to achieve close, stable packing because of the

small particle size (9um and 3um respectively).

In order to increase the usefulness of this study for describing
compaction behavior of the powders, the net compaction and calculated final

density ratio values are shown as a function of the initial density ratio.

The net compaction A is:

(12)

8 = (o/ogodeinar = /Pgo)initial

As shown in Fig. 10, loga is a linear function of the initia) density ratio

in the case of AlIN:

loga =0y + 0y (e/ego)ypitial (13)

Least-squares analysis gives D0 = 0.6320 + .055 and D] = -2.156 %

.080. The standard deviation (o) in log A is 0.0093 which corresponds to

a 2% deviation in A for AIN. The slopes appear similar for all compositions
except Al0,. The data for AIN, TiB,, and $i0, are so close together

that the differences among them may not be significant. TiC has a lower
intercept than the other three, and A1203 the lTowest of all. Horie et al.
(1983) have reported results from compaction experiments on AIN at various
maximum pressures. Their result at 3.4 GPa maximum pressure is shown in Fig.
9(H). There is good agreement between it and the results of this study, at an
initial density ratio of 0.6. Equations (12) and (13) can be solved for the

final density ratio:

(Og + 07 (p/pso)in.)

(p/os0) final = (/P g0l initial + 10 (14)
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The calculated value of the final density ratio has a minimum with respect to
the initial density ratio, as shown in Figure 10 for AIN. The result from the
isostatic compaction experiments of Horie et al. (1983)(H) is somewhat higher

than those from the present study, at an initial density ratio of 0.6.

Quasi-hydrostatic compaction of powders at low strain-rates is described
by the data in this study, and Equations (1) to (5). In order to apply the
results to conditions characteristic of shock wave experiments, theoretical
models must be tested, using the experimental results as a databasé. It
appears that the P-a model applied to porous solids by Bhatt et al. (1975)
and Carroll (1980), and to AIN and TiC powdefs_by Horie et al. (1983) would be
a good choice. This model requires a substantial calculational effort which
is beyond the scope of the present study. Therefore, the application of the

model should be considered as a separate program.

At this time, characterization of the pre- and post-run samples from the
quasi~hydrostatic experiments is the next thing that should be done. This
includes X-ray analysis and TEM examination to determine the extent (if any)
of permanent deformation of the crystal structure of'the powder particles, and
microscopic examination to determine particle morphology. The A1,03 and
5i0, starting materials should also be characterized as the AIN, TiB,, and
TiC have been. The result will be a useful database on which the P-a model

or other possible models can be tested, and which can be expanded wherever

necessary.
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CONCLUSIONS

The most important conclusions from this investigation are as follows:

° The quasi-hydrostatic pressure-density behavior of AIN, A1203,
510, T1’B2 and TiC powders can be represented by an empirical

equation of state similar to the Birch-Murnaghan equation.

° The log of the net compaction of AIN decreases linearly with the

initial density ratio, and may do so fof the other powders studied.

° An expression is given to calculate the final density ratio for AIN

from the initial density ratio, under a maximum pressure of 3.4 GPa.

° An attempt should be made to test the P- o model against the
quasi-hydrostatic data from this investigation. Because of the large
calculational effort required, the attempt should be set up as a

separate study.
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Table 1. Characteristics of Refractory Powders

B.E.T.
Surface Diameter, um(a) Density, Mg/m3
Formula Supplier* Area, (a)** From From Solid - X-Ray,
(b),m2/g Surface Sedimen- Calc.
: Area tation(c)

AIN 2 2.40 0.9 50 3.19(g) 3.26(g)
TiBZ 2 0.67 2.0 9 4.,50(h) 4.497(f)
TiC 2 2.19 0.55 3 4.51-4,91(c) 4.908(e)
5102 3 - - - 2.648(h) 2.648(d)
A1,04 1 -~ -- -- 3.97(h) 3.987(d)

*]1 Reynolds Metal Co., Bauxite, Ark. 72011. High Purity Alumina RC~HP-DBM,
without MgO.

2 Hermann Starck, Berlin. .

3 Alfa Products, P. 0. Box 299, 152 Andover St., Danvers, MA 01923

**(a) Meisenbeimer (1984)

(b) Calculated assuming all particles to be equal-sized spheres

(c) 50% values from cumulative distribution curves of equivalent spherical diameter

(d) Handbook of Chemistry and Physics, 55th ed., CRC Press, Robert C. Weast, ed., p.
13-208.

(e) Storms (1967)

(f) Bernstein (1964)

(g) Taylor and Lenie (1960)

(h) Burnett (1964)



Table 2. Values of LO' L]. L2 from Equations (1) and (7) and Standard
Deviation Between Observed and Calculated Pressures

Sample Initial Loading* Unloading* Standard Deﬁiation
n-
(p/ps0) Lo Ly L2 Lo Ly L2 Load load Symbol
AN 5 .593 1.36 .04 -4.5 .8 77 2 243 14 -1939 103 3865 193 .028 .054 +
6 .673 8.29 .18 -2.1 5.8 187 31 392 27 -5226 340 17421 1064 .024 .089 4
7 .10 9.51 .34 53 14 -133 89 86 7 -1514 107 6646 394 .067 .049 0
8 .748 23.4 .9 -112 47 610 392 68 14 -1700 257 10341 1204 .051 .054 *
9 .698 14.9 .7 -56 26 243 159 81 4 -1343 67 5559 236 .079 .039 .
Solid 1 298.4 .4 -455 7 0 -- - -- -- - -- - - --
A1,0,
1 .612 61.9 .07 34 2 =22 13 22 1 -422 21 2060 78 .031 .034 0
2 .681 11.7 .7 289 34 -1913 303 -6.7 1.8 -4 48 2152 302 .120 .030 +
Solid 1 43 2 -1436 455 0 -- -- == -- -- -- -- -- -~
sio, 2 .663 9 .03 -3.2 .3 48.8 8.1 .4 -9 4 288 9 .024 .020 0
3 .818 7.6 .3 3 11 149 n -4.5 .4 96 1 291 62 .050 .026 +
Solid 1 49.6 .9 285 12 0 -- - .- - -- -- -- - --
TiB, 2 .625 2.6 04 -12.1 .9 160 3 109 9 -1203 90 3316 222 .030 .055 0
3 .718 8.8 4 76 19 -162 139 51 9 -N91 159 6881 700 .067 .054 +
Solid # 1 625.9 -1878 0 -- --  a- -- -- -~ - -- --
TiC 1 .654 1.1 .05 -1.0 .8 69 3 76 6 -694 46 1594 93 .041 .050 0
2 .787 18.6 .8 -136 35 868 26 18 7 -569 124 3924 544 .031 .053 +
Solid 1 319 1 2801 29 0 -- - - -~ -- --

*ResuTts are shown as mean value t standard deviation

#Not obtained by least squares analysis

-61-



Table 3. Density Ratios, Maximum Pressure(Pyax), Shear Modulus (G) and
Elastic Modulus (E) for Si0p, AIN, Al203, TiBp, and TiC

G E
Samrﬂ e p/pos Pmax, GPa GPa
No. Initial Max* Final GPa* Ay .Y, A (solid) (solid)
Si07 2 .664 .996 .826 3.40 .332 170 .162 44(b)**  96(b)
() - (c)
3 .817 1.007 .868 3.50 .190 .139 .051
AN 5 .593 .862 .822 3.60 .269 .040 .229 136(a) 340(a)
6 .673 .876 .822 3.50 .203 .054 .149
7 .710 .881 .822 3.50 171 .045 . 126
8 .748 .894 .854 3.40 .146 .040 .106
9 .699 .884 .827 3.40 .185 .057 .128
M3 1 .613 .790 710 3.40 177 .080  .097 163 (b) 403 (b)
2 .681 .840 .787 3.40 123 017 .106 (d) (d)
TiBo 2 .626 .854 .802 3.50 .228 .052 .176 169 (b) 446 (b)
3 JI17 .871 .823 3.40 .154 .048 .106 (e) (e)
TiC 1 .566 .814 .757 3.50 .248 .057 .191 190 (b) 408 (b)
2 .680 .830 -~ .719 3.40 .150 .051 .099 (f) (f

*(p/pgs)max corresponds to Ppga

X .
**la) rom E = 340 GPa and Poisson's ratio = 0.25; Taylor and Lenie (1960), Komeya and Noda (1974)
_ (b) Avera%e of]goigt and Reuss values or Voigt, Reuss, Hashin and Shtrikman values (Simmons and
Wang [1971]). :

(c) McSkimin et al 1965; in (Simmons and Wang, 1971).

(d) Wachtman et al (1962) in (Simmons and Wang, 1971).

(e) Gilman and Roberts (1961) in (Simmons and Wang, 1971)

(f) DeKlerk (1965) in (Simmons and Wang, 1971).
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Fig. 1.

=21-

Die assembly, powder sample, and nickel reference sample.
A - steel die. B - tungsten carbide insert. C - tungsten
carbide piston. D - tungsten carbide anvil. E - tin
jacket and 1id. F - wafer and sealing ring. G - nickel
reference sample. H - powder sample.
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Fig. 2. P vs. (p/pso), A1,0;. Sample No. 1 0. Sample No. 2 +.
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Fig. 4.
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Solid lines

are calculated from least-squarés analysis. Results of Horie et

al (1983) @
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Fig. 5. P vs. (p/pso), TiB,. Sample No. 2 0. Sample No. 3 +.
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P vs. (p/pso), SiOZ. Sample No. 2 0. Sample No. 3 +.
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Fig. 7. Ay, vs. (p/Pgo)initiars 211 compositions.
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Fig. 10. (o/pgg)einay vs- (0/bg0)initiare 21
compositions. H - result from Horie et al. (1983).




